An experimental programme is presented, examining the turbulent wake of a monopile foundation in a current. Velocity was recorded across an extensive domain downstream of a model monopile in a 0.5 m deep basin, using an acoustic Doppler velocimeter array. The distribution of turbulent kinetic energy (T KE) is examined across the entire domain. Tests were undertaken using several combinations of pile diameter (D = 0.1 and 0.2 m) and mean flow velocity (ū 0 = 0.08 to 0.24 m/s), representing typical prototype conditions at a scale of 1:50. It is shown that turbulence can be predicted using the distance downstream (x) and off axis (y), the pile diameter, and the mean flow velocity. Two new parameters are introduced to simplify assessment of proposed structures. Relative Excess Turbulence (RET ) is the extra turbulence generated by the pile, normalised by the ambient turbulence. Turbulence Recovery Lengthscale (T RL) is the distance downstream (normalised by D) required for RET to fall below a given threshold. Results show that RET decays exponentially with distance downstream. Across the wake, RET fitted a Gaussian function with peak values at the wake centreline. T RL is estimated at 40 for an RET threshold of 1.0 and 400 for an RET threshold of 0.1.
Introduction
of the pile.
23
These flow structures lead to enhanced bed scour and the formation of a 24 scour hole around the pile. This is of great concern to the structural integrity 25 of the foundation. Much work has been done to quantify the depth of the 26 scour hole (Roulund et al., 2005 , Sumer et al., 2001 , Whitehouse et al., 2011 and its rate of development (McGovern et al., 2014) .
28
In addition to the flow structures described above, the monopile's presence (Butt et al., 2004, Gyr and Hoyer, 2006) . This increases the dis-32 tance that scoured sediments can be transported downstream of the pile.
33
The environmental impacts of suspended sediments are numerous. In-34 creased turbidity can affect the productivity of plankton (Kocum et al., are related to economic concerns, as any changes could impact on fisheries. Ideally, numerical modelling would be used to predict the likely impact 45 of a proposed wind farm on sediment transport during the planning phase. Empirical relationships are presented predicting the turbulent character-58 istics of the wake. These have been validated to show that turbulence in 59 the wake of a monopile can be described by a small number of parameters.
60
These parameterisations will allow the monopile's influence on turbulence to 61 be implemented in regional sediment transport models. This was confirmed by examination of proposed sites in the channel region, 80 using the ANEMOC offshore windfarm database (Benoit et al., 2008) . (Table 1) . Froude similitude is achieved between the model and prototype,
86
with Froude numbers ranging between 8 × 10 −2 and 2 × 10 −1 . range from 8 × 10 3 to 5 × 10 4 ; flow is fully turbulent.
87

91
To allow comparison of results with different prototype scales, x and y 92 positions were normalised by the pile diameter to yield x * and y * :
Data
95
Three components of velocity were measured using a Nortek Vectrino
96
profiler Acoustic Doppler Velocimeter (ADV), referred to here as 'ADV1'.
97
ADVs are very suitable for experimental measurements of this kind and are
98
widely used, (Graf and Istiarto, 2002, Qi et al., 2012) . Nikora and Goring
99
(1998) provide a summary of their operation. 
107
The longitudinal profile extended 2.7 m downstream of the pile centre,
108
with nine measurement positions spaced logarithmically along its length. 
109
Where u, v and w are the components of velocity in the x, y and z direc- rameter is introduced to express the increased turbulence in the pile wake -160 the Relative Excess Turbulence (RET ): The data from the control measurements is presented in The distribution of T KE in the cross sections was found to fit a function 216 of the form:
218
Where α 1 , α 2 and α 3 are regression constants. Non-linear regression was 219 used to determine the values of these constants for each of the four x * profiles 220 (Table 4) . Table 4 : Regression constants for normalised T KE cross sections. Table 4 . Although α 1 and α 2 are constant for a given 228 cross section, these observations show that when considering the wake as a 229 whole they are functions of x * .
221
230
The constant α 3 defines the ambient level to which turbulence decays 231 outside the wake. The fitted values were similar for all four cross sections.
232
Furthermore, the range of α 3 encompasses the control range of T KE 0 /ρū 0 2 233 presented in Table 3 , with similar mean values. Table 5 summarises the fitting of experimental data to this relationship.
243
As with Table 4 , the values of the constants tend towards zero as x * increases.
244
The general trend in both tables is for R 2 to reduce with increasing values By setting y * equal to zero and RET equal to ∆, γ 3 is eliminated and the 277 equation simplifies: lence, a value of 0.1 might be specified for the threshold ∆. This implies 295 that T KE has decayed to only 10% above the ambient conditions -a much 296 tighter specification than above. Using this new threshold T RL is calculated 297 at 391.6, or approximately 400. This corresponds to 2,000 m downstream for 298 a typical 5 m diameter prototype, which is greater than typical pile spacing;
299
RET will exceed 0.1 when the wake reaches the next pile downstream. In general, the proposed equations were found to represent the data well. proposed by Rivier et al. (2014) . However, heightened T KE at this distance 333 from the pile will enhance the carrying capacity of the flow, and contribute 334 to the persistence of the observed plumes.
335
Prototype pile spacing within existing and planned wind farms is typically 336 500 to 1,000 m, with pile diameters of around 5 m. Given these dimensions,
337
the T RL values estimated in section 3.5 imply that the RET reaching a 338 monopile from its upstream neighbour will be somewhere between 1.0 and 0.1.
339
This is small compared to the estimated RET of 33.9 at x * = 1. 
